ABSTRACT A general method of finding the time course and the steady state distribution of potential in Vaseline or sucrose gap preparations is given by making use of the linear cable equation. The general solution has been found analytically in terms of its Laplace transform and then numerically inverted. Two particular experimental situations, namely the single gap and the double gap preparations, have been analyzed. The results have been compared with the solutions of the commonly used lumped elements models. While for the double gap no large errors are introduced by the lumped model, for the single gap there are significant differences. The dependence of the voltage distribution on various electrical and geometrical parameters has been examined. It is suggested that the proposed mathematical treatment might be used by experimenters as a reference to assess the validity of simplified lumped models.
INTRODUCTION
The technique of voltage clamping a cut skeletal muscle fiber placed in Vaseline or sucrose gaps offers important advantages such as the possibility of introducing different substances in the fiber interior (Kovacs and Schneider, 1978; Kovacs et al., 1979) , or of allowing the fiber to contract (Horowicz and Schneider, 1981; Jaimovich et al., 1982) . Both techniques are based on the idea of separating through electrical insulations different parts of the fiber. Under ideal conditions, this allows one to inject a current and to measure the membrane potential difference without making use of microelectrodes. The two methods differ in the way the insulations are realized, either with a thin strip of Vaseline or with a slender stream of sucrose solution, but in both cases, a cable having segments with different electrical characteristics is obtained.
In spite of the wide use of these techniques, a general analytical treatment of the electrical behavior of these models does not exist, except in some particular cases or at steady state (Jirounek and Straub, 1971; Jirounek et al., 1981; McGuigan and Tsien, 1974) . Lumped elements models are frequently used, but these models have the obvious limitation of considering circuit elements of finite (instead of infinitesimal) length. The aim of our work is to offer a method to solve such problems in a more general way in order to test under which experimental conditions and to what extent the simplified lumped elements models are applicable without significant errors.
The effect of the presence of the T-tubules has been studied in the preceding paper (Andrietti and Bernardini, 1984) and it has been shown that the longitudinal spread of BIOPHYS. J. © Biophysical Society * 0006-3495/84/11/625/06 $1.00
Volume 46 November 1984 [625] [626] [627] [628] [629] [630] electrotonic potential in a muscular fiber is well approximated by an equivalent model whose electrical parameters are the apparent resistances and capacities, as may be, for example, determined from voltage clamp experiments.
THE DISTRIBUTED MODEL
In terms of the theory developed in the preceding paper (Andrietti and Bernardini, 1984) , the part of a skeletal muscle fiber placed in an experimental chamber for Vaseline or sucrose gap voltage clamp can be represented by the modular circuit of Fig. 1 . In each kth section the space and time dependence of the voltage is described by the wellknown partial differential equation (see e.g., Jack et al., 1975) (1) rk,e + rk,i where I-and I+ indicate the limit values of I at the left and right side of the kth section end.
When in x, = 0 the cable is short circuited, the corresponding initial condition will be V1 (0, t) = 0. The last boundary condition will depend on the terminal situations of the cable and will change according to the experimental arrangement. 
The values of the coefficients ai,j(s), ci(s), are given by the boundary conditions considered above. For the first n -1 rows of the matrix (1 i < n), we will obtain from Eqs. 2 and 4
From row n to row 2n -2 (n s i < 2n -1), the coefficients a11(s) will be determined from Eqs. 3 and 4:
a,j(s)
for j<2(i -n)± 1,>j 2(1 -n) + 4;
The coefficients of the last two rows are determined according to the end conditions of the cable. Because of the short circuit in x, = 0, one has a2n 1,1(s) = a2n 1,2(S) = 1;
a2n-,J(s) 
The coefficients Ak and Bk are determined according to the linear system obtained from Eq. 6 and from the boundary conditions given above as has been seen for Ak(s) and Bk(s).
We will consider in detail two particular cases: single and double Vaseline gap. To give some numerical results, we will adopt the following rounded values of electrical parameters taken from Hodgkin and Nakajima (1972) , corresponding to a fiber of 80 ,um in diameter: ri = 3.4 MQ/cm, rm = 120 kQ * cm, Cm = 0.15 ,uF/cm.
The experimental arrangement used by Kovacs and Schneider (1978) may be represented by the electrical model of Fig. 2 A. In this case, n = 2, rm, = rm,2= rm; rl,e = re; r2,e = 0, rj,j = r2,i = ri; Tm,I = Tm,2 = Tm. The value of the external resistance, re, the length of the gap, 11, and of the muscle fiber out of the gap 12, taken from Kovacs and Schneider (1978) Fig. 3 A ,the results of the numerical inversion obtained with the method given in the preceding paper (Andrietti and Bernardini, 1984) are presented. Because of the linear properties of the model, with respect to the stimulating current I, the value of the potential in Fig. 3 A and in the following figures has been given in arbitrary units. The corresponding steady state values obtained from Eq. 6 are shown in Fig. 4 A, C, D. The experimental arrangement for double Vaseline gap can be represented by the electrical model of Fig. 2 B. In this case: n = 3, rl,e = r3,e = re, r2e = 0, rm, = rm,2 = rm,3 = rm; r,,i, = r2, = r3,i = ri, Tm,l = Tm,2 = Tm,3 = 7Tm. The dimensions of the walls separating the pools (l1 and 13) and of the central pool (12), taken from Kovacs et al. (1979) are, respectively, 250 and 700 ,um, the other parameters being unchanged. As the central pool is grounded, I = 0 for x > l. In this case, Eq. 5 becomes a system of six linear equations whose coefficients are determined as explained previously. Because of the short-circuit effect at the end of the cable, one has a6,5(s) = exp [-13k3 results of the inversion are shown in Fig. 3 B and the steady state in Fig. 4 B. The effect of the sealing for the single gap is shown in Fig. 4 A and for the double gap in Fig. 4 B; the effects of the gap length and of the terminated end length are shown in Fig. 4 C and D. The quality of the seal and the dimension of the gap do not appear to affect significantly the homogeneity of the potential in 12; instead, the value of 12 signifi'cantly affects the prof'ile of the potential in the fiber out of the gap.
COMPARISON WITH THE LUMPED MODELS AND DISCUSSION
Because the illustrated solutions were obtained from a nonsimplified model, they are assumed to be a more faithful representation of the real situation than other solutions obtained from simplified models. It is clear that the method outlined here is not very practical for the interpretation of the experimental results, but it might be useful as a reference to estimate the extent of the errors introduced by different kinds of simplifications. As the values of the geometrical and electrical parameters may vary strongly, depending on the experimental arrangement, and may vary among different experiments performed with the same technique, a general comparison between distributed and lumped elements models is not possible here, but, as an example, we have examined the behaviors of the lumped models of Fig. 2 C and D, and we have compared them with the results given by our method.
In response to a step current pulse, Is, the time courses of membrane potential for single (V') and for double (V") In Fig. 3 A and B , the dashed lines represent Eqs. 7 and 8. In Fig. 4 A of primary importance, it is more difficult to evaluate the effects of other geometrical and electrical parameters. Fig.  4 shows the solutions of the distributed model when the length of the fiber, the length of the insulating gap, and the resistance of the gap are changed. Except for the already mentioned effect of the fiber length (Fig. 4 D) , it is apparent that both gap length (Fig. 4 C) and gap resistance (Fig. 4 A and B) do not have a great influence on the spatial distribution at steady state. This last result is of particular importance because, while the length of the various segments may be rather easily adjusted by the experimenter, the quality of the insulating seals is difficult to be standardized. We have analyzed in detail two particular experimental situations, but the proposed method, with slight modifications to take into account different boundary conditions, could be applied to more complex systems as, for example, the three Vaseline gap preparation used by Hille and Campbell (1976 
